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Abstract 
White cast iron represents an important class of wear resistant material as it contains a eutectic 
network of chromium-rich M7C3 carbides (1100–1600 HV), harder than most abrasive minerals 
in ores processed in ball mills. It is the presence of these very hard carbides which provide 
substantial improvements in wear life of white cast irons despite that their bulk hardness might 
be lower than that of typical low-alloy martensitic steel (650–850 HV). Due to the variation in 
white cast iron, systematic studies on relative wear performance of different types of white cast 
irons were carried out on commercial NiHard-4 (8Cr, 5Ni) and high Cr-Mo white cast iron (15-
30 Cr, 0-3 Mo). 
The aim of this project is to determine the influence of eutectic carbide hardness on the 
performance of white cast iron in abrasive wear applications. The microhardness measurement 
of the eutectic carbides in different alloys was performed to determine difference in hardness 
between iron-rich M3C carbides and chromium-rich M7C3 carbides. It is imperative to use this 
standard load; 0.05 kgf for discrete carbides and dendrites, 0.20 kgf for eutectic aggregates as 
they give rise to accurate placement of hardness indent on these microstructural features. The 
development of microhardness measurement technique was partially successful because 
conventional indentation test machine has limited hardness measurements on M3C carbides. As 
such, the hardness comparison of M3C eutectic mixtures in NiHard-4 was attempted rather than 
M3C carbides although it seems to be less valuable. 
This project also focuses on the effect of increasing Cr/C ratio on hardness of M7C3 carbide and 
changes in the microstructural morphology of NiHard-4 and high-Cr-Mo WCIs. As mentioned 
in the literature, the hardness of M7C3 carbide should increase with increasing chromium 
content within M7C3 carbides. This contradicts to our findings whereby carbide hardness trend 
was distorted due to variation in CVF of each alloy. Chromium has been found to be accounted 
for substantial change in carbide morphology whereby an increase in chromium content 
promotes the eutectic carbides transformation from M3C to M7C3. Under certain abrasive wear 
conditions, increase in CVF has been found to be detrimental to the wear resistance. This is due 
to strong abrasive particles which causes brittle carbides to suffer from micro-fracture wear 
mechanism. High-Cr-Mo WCIs were consistently superior than NiHard-4 under all abrasive 
environments tested. In conclusion, it is deduced that CB100 (medium low Cr/C ratio-5.95, 
ultra-high CVF-42.65), a hyper-eutectic alloy without ledeburite morphology is the hardest, 
having the best wear resistance of white cast irons. 
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1.0 Introduction 
1.1 Background 
In mineral processing operations, the constant interactions between grinding media and liners 
has resulted in metal consumption, which is known as abrasion or wear. Wear has caused these 
components to be replaced frequently which has led to major cost operation. White cast irons 
often regarded as particle-reinforced composite alloys that can be used for these components 
because it provides substantial improvements in wear life compared to homogeneous steels. It 
also has been widely utilised in the mining industry because of their durability, low life cycle 
cost and excellent resistance for abrasive wear applications. White cast iron can vary 
significantly in their alloy composition and microstructure. These variations in white cast irons 
influence their relative wear performance.  
White cast iron represents an important class of wear resistant materials due to the presence of 
substantial volume of carbides that improves hardness of the alloy composites at the expense 
of toughness. The outstanding abrasive wear resistance of high alloy white cast irons are 
influenced by the size, type and morphology of these carbides where their microstructural 
characteristic can be changed by varying the alloy compositions. Depending on the alloy 
content, the presence of different carbides, especially hard chromium-rich M7C3 carbides, 
makes white cast irons abrasion resistant but brittle material. These carbides are very hard, in 
the range 1100–1600 HV, which is harder than most abrasive minerals found in the ores being 
processed in ball mills [6].  
Recent modifications in alloy composition have been made commercially to both NiHard-4 and 
high Cr-Mo white cast iron by using different combination of Chromium (Cr), Silicon (Si) and 
Molybdenum (Mo) content. The effect of alloying element, particularly in carbon and 
chromium content in this high alloy white cast iron, has led to substantial change in the 
formation and distribution of Cr-rich M7C3 and Fe-rich M3C carbide phase. According to 
previous papers, particular distribution of Cr-rich M7C3 carbides in 5% Cr white cast iron alloy 
with low Si contents have provided significant improvements in toughness and tempering 
resistance [33]. Therefore, it is necessary to perform this research as it would be best to 
eliminate the Fe-rich M3C and produces a eutectic in which all the carbides present in the alloys 
are Cr-rich M7C3. 
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As demonstrated in several published reports, modifications in alloy compositions can 
contribute to the improvements in mechanical properties, but very few of these studies were 
concerned with the change in microstructural morphologies towards the wear performance of 
high alloy white cast irons. The wear performance of these alloys is determined from the amount 
of carbide forming elements present in the composites which lead to in situ formation of 
carbides and refinement of microstructure [15]. The presence of these hard carbides influences 
the hardness of white cast irons in such a way that the carbide itself resists the abrasion. The 
matrix of the white cast irons provides mechanical supports to the eutectic carbides by 
absorbing energy and improving its resistance to brittle fracture.   
Together with the variation in white cast irons, the systematic studies on the relative wear 
performance of different types of white cast irons, particularly NiHard-4 (8Cr, 5Ni) and high 
Cr-Mo white cast iron (15-30 Cr, 0-3 Mo) are performed. The main concern of this research is 
to determine the differences in hardness for both Cr-rich M7C3 and Fe-rich M3C carbides 
present in these commercial white cast irons. To enhance the understanding of this area of 
research, this study also focuses on the effect of increasing chromium concentration in the alloy 
towards Cr-rich M7C3 carbide hardness and alterations in their microstructural morphology.  
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1.2 Aims 
The aim of this project is to determine the influence of eutectic carbide hardness on the 
performance of white cast iron in abrasive wear applications. The focuses of this project are 
defined as follows: 
• To develop microhardness measurement techniques capable of either directly 
measuring the hardness of the carbides in a white cast iron or, at least, detecting the 
differences in the hardness of carbides in different white cast irons; 
• To determine whether there is a measurable difference in hardness between M3C 
carbides (as found in low-Cr, low-Si versions of NiHard-4) and M7C3 carbides (as 
found in high-Cr-Mo white cast irons and in higher-Cr high-Si versions of NiHard-
4);  
• To demonstrate whether hardness of M7C3 progressively increases with increasing 
chromium concentration in the alloy; 
• To indicate whether such differences in carbide hardness correlate with measurable 
differences in abrasive wear performance.  
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1.3 Method 
Several test methods were conducted to assess the eutectic carbide hardness of commercially 
available NiHard-4 and high-Cr-Mo white cast irons. The test methods are described below. 
• To permit a good measurement and regular indentation shape, specimens were prepared 
by using standard metallographic technique comprises of grinding, polishing and 
etching, 
• The hardness of carbide particles that are present within white cast iron alloys were  
attempted to be measured by using conventional indentation instrument Duramin-200-
Vickers Hardness Tester, 
• Prior to commencing systematic tests on other specimens, the hardness measurement of 
Y162 (on-eutectic NiHard-4 that consists of iron-rich M3C and chromium-rich M7C3 
carbides) and CB100 (hypereutectic high-Cr-Mo white cast iron that consists of 
chromium-rich M7C3 carbides) specimens were conducted at different applied loads, 
ranging from 10gm to 1kg, to select the best load that produces appropriate indentation 
size on carbides and other microstructural features, 
• Validation of microhardness measurement is made by using Reichert Polyvar Met 
Optical Microscope as to assess the degree of indentation damage on carbide phase, 
• Upon finalizing the selected technique, hardness measurements on carbides in different 
alloys (e.g. Y161, Y165, Y157, Y156, IX30, and IX32) were performed at the standard 
load, 
• The effect of varying Cr/C ratio on the hardness of chromium-rich M7C3 carbides and 
changes in the microstructural morphology of NiHard-4 and high-Cr-Mo white cast iron 
were systematically examined. 
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1.4 Scope 
Several methods suggested above are compatible to achieve reliable measurements although 
the scope of the analysis might be narrowed down and classified as below to attribute positive 
outcomes to the research. 
In Scope 
• The measured hardness values are focused on large iron-rich M3C and chromium rich 
M7C3 carbides only where the measurements are assumed to be least affected or not 
affected at all by the surrounding matrix. 
• Changes in alloying element such as chromium, silicon and nickel led to variation in 
Cr/C ratio and carbide volume fraction which affect the hardness and the distribution of 
carbides. 
Out of Scope  
• The usage of nano-indentation instrument to measure the hardness of carbide particles 
within white cast iron alloys. 
• The usage of scanning electron microscope to determine elements and phases present in 
carbides and matrix at different alloy composition 
• Growth characteristic of primary M7C3 carbides in hypoeutectic or hypereutectic high 
white cast iron alloys. 
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2.0 Literature Review 
2.1 White Cast Iron: An Overview 
Cast iron is one of the most important engineering materials that is widely used due to its  
numerous advantages, excellent abrasion resistance and moderate mechanical properties. The 
term cast iron refers to the type of carbon-iron alloys that consists of 1.8%-4% carbon (C) and 
0.5%-3% silicon (Si) content [1]. 
White cast iron is a cast iron that  contains low C and Si content which comprise of 1.8%-3.6% 
(C), 1%-2% manganese (Mn) and 0.5%-1.9% (Si) [1]. White cast iron is characterised by the 
presence of pearlite, cementite (Fe3C) and eutectic mixture of cementite and austenite, 
ledeburite. White cast iron is a very hard but brittle material at the same time because the 
microstructure is dominated by the large amount of cementite.  
The iron-carbon phase diagram of the metastable system is shown in  Figure 1 below where 
carbon is presented in the form of Fe3C, cementite. It is crucial to note that that this metastable 
iron-phase diagram ends at 6.67% concentration due to the amount of carbon present in the 
cementite.  
 
Figure 1: Metastable Iron-Carbon Phase Diagram [29] 
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2.2 Chemical Composition  
High alloy white cast iron is different to the common types of cast irons because it contains 
alloying elements, particularly chromium (Cr) and Nickel (Ni) well above 4% [1]. Figure 2 
outlines the composition (wt.%) of common high alloy white cast irons according to ASTM 
A53287(1992) where Class I are classified as Ni-Cr white irons and high Cr white irons are 
classified as Class II and Class III [52]. It is important to note that any single value indicated in 
the column below represents the maximum permissible concentration of element to obtain 
specific classes of high alloy white cast irons. 
2.3 Mechanical Properties  
The hardness of high alloy white cast irons falls in the range of 450HB-900HB while the 
hardness of low alloy white cast irons, usually fall in the range of 350HB-550HB with alloying 
element is less than 4%[1]. The high alloy white cast irons can be characterized into two major 
groups: 
• Ni-Cr white cast irons-low chromium cast irons that comprises of 3%-5% Ni and 1%-
4% Cr. It is also consisting of NiHard (types 1-4) that includes of 25% or 28% Cr white 
cast irons which has other alloying elements such as Ni and Mo up to 1.5% [1]. 
• Cr-molybdenum (Mo) white cast irons-consist of 11%-28% Cr, 0%-3% Mo and usually 
alloyed with Copper (Cu) or Nickel (Ni) [1].
Figure 2: Composition of White Cast Iron Alloys [52] 
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2.3.1 Nickel-Chromium White Irons 
Ni-Hard 4 is an altered Ni-Cr white cast irons that comprises higher levels of Cr of Ni, ranging 
from 7%-11% and 5%-7% respectively [1]. The tensile strength of high Cr white cast irons with 
the presence of M7C3 carbides usually falls in the range of 415MPa-550MPa whereas for 
martensitic white cast irons with M3C carbides, the tensile strength ranges from about 345MPa-
415MPa [5]. High alloy white cast iron is reasonably good for wear surfaces of slurry pump, 
lifter bars in autogenous grinding mills and shell linersbecause it offers excellent hardness and 
abrasion resistance at relatively low cost. 
2.3.2 High Chromium White Irons 
High alloy white cast irons that contain M7C3 eutectic carbide normally have greater tensile 
modulus of 305GPa-220GPa compared to M3C carbides, where the tensile modulus ranges from 
165GPa-196GPa only [5]. As comparison to the low alloy Ni-Cr white cast iron, Cr-Mo white 
cast iron is usually regarded as the hardest grade of all white cast irons because it contains 
harder eutectic carbides and can undergo heat treatment process to achieve higher matrix 
hardness.  
Since high alloy white cast irons have large volume of eutectic carbides in their microstructure, 
they are suitable to be used in abrasion resistant applications whereby they can contribute to 
high hardness for grinding and crushing process [1].  However, there is a trade-off between the 
toughness and wear resistance in high alloy white cast irons.  It makes them to be less favourable 
for structural components since they are prone to deform under brittle facture mechanism and 
impose threat to users. 
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2.4 Microstructural Characteristics  
The microstructure of white cast iron plays a role in determining its properties while 
microstructural control is essential in optimizing wear properties both functionally and 
structurally. Solidification of high alloy white cast iron starts with the formation of austenite 
dendrites until it reaches the temperature where eutectic reaction takes place. This eutectic 
reaction can be described as follows; 
liquid →  γ + M7C3 
Complete solidification of high alloy white cast iron within the eutectic region leads to the 
formation of eutectic carbide, M7C3 where M is the metallic species, commonly iron and 
chromium [52]. Solidification of white cast iron, particularly hyper-eutectic alloy begins with 
the formation of primary carbides, M7C3, and finishes with the formation of the eutectic phase, 
austenite and M7C3carbides.  
M7C3 + liquid → M3C 
However, if there are some liquid metals that remain at eutectic temperature, a quasi-peritectic 
reaction will occur and it is often suppressed immediately by the formation of M3C wall on the 
M7C3 carbides to inhibit the contact between M7C3 carbides and the liquid [52]. 
Figure 3 illustrates the microstructure of Cr-Mo white 
cast iron that comprises of pearlite (P), austenite matrix 
(γ), martensite (a’) and eutectic carbides (C).The 
eutectic colonies are typically is made from a very fine 
rod-like carbides at the centre and become blade-like 
carbides or coarser rod-like carbides as it is further 
away from the centre [19]. The diameter of these 
carbide rods is typically between 1µm-4 µm whereas 
the hollow core, which is filled with matrix that has the 
same composition as that adjacent to the carbides, has 
a diameter between 0.2µm-0.6 µm [44].  
 
 
Figure 3: Cr-Mo White Cast Iron 
Microstructures [52] 
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2.4.1 Eutectic Carbides 
High alloy white cast irons contain a eutectic network of carbides that constitutes 20-35% of 
the microstructure. There are four types of iron carbides; (Fe, C)3C, (Fe, Cr)7C3, (Fe, Cr)23C6  
and (Fe, Cr)3C2, that precipitate in high alloy white cast iron according to the contents of carbon 
and chromium [43][50]. As the chromium content of white cast iron exceeds 10%, eutectic 
carbides of M7C3 types are formed instead of M3C, which present at predominantly lower 
chromium content. High Cr white cast irons can be distinguished from discontinuous M7C3 
eutectic carbides as compared to less chromium-alloyed irons which have softer, more 
continuous M3C eutectic carbides present in the microstructure. Figure 4 illustrates the 
microstructure of M3C eutectic carbides that are present in the hypoeutectic alloy at 3.85 wt.% 
carbon content.  
 
 
 
 
 
 
 Due to the solidification characteristics, hypo-eutectic alloys containing M7C3 eutectic carbides 
are harder than alloyed irons containing M3C eutectic carbides. For both types of eutectic 
carbides, increasing the carbide forming elements will elevate the carbide hardness since there 
will be a large amount of these elements to iron that present as the metal species in the carbides. 
The structure of large hexagonal M7C3 eutectic carbide is shown in Figure 5. 
 
 
 
 
 
 
Figure 4: M3C Eutectic Carbide in 
Hypo-eutectic Alloy at 3.85 wt.% C 
Figure 5: M7C3 Eutectic Carbide in High Cr White Cast Iron 
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2.4.2 Secondary Carbides 
Generally, all as cast structures contain patches of both primary and secondary carbides. 
Carbides precipitate in a specific order in which primary carbides tend to precipitate first and  
followed by the precipitation of secondary carbides. The formation of secondary carbides is 
mostly influenced by their alloy composition and destabilising temperature. The presence of 
these carbides is always associated with a decrease in carbon content of the matrix, hence 
increasing alloy hardness. The secondary carbides contain MC, M2C, M7C3 that precipitate 
along the grain boundaries and their sizes are usually much bigger than the eutectic carbides 
[26]. 
2.4.3 As Cast Austenitic-Martensitic Matrix 
Hypo-eutectic alloys typically consist of austenite dendrites, dendrites of eutectic of carbides 
and transformed austenite. They are different  from white cast iron alloys that are close to the 
eutectic composition, where they will have very little to no dendritic regions. Figure 6 shows 
the microstructures of high Cr white cast irons, particularly matrix structures that consist of 
pearlite and dendrites of austenite,  which some of them could transformed into martensite. 
Minor portion of alloy carbides might present too.  
 
 
 
 
 
 
 
As cast martensitic microstructures can be obtained with slow cooling rates where partial 
transformation to martensite occurs at an incomplete stabilisation of austenite. However, in as 
cast alloys, this martensite is surrounded by the large amount of retained austenite in the 
microstructure. To obtain high hardness and excellent abrasion resistance, martensitic 
microstructure must undergo a full heat treatment and avoid formation of pearlite during 
cooling process. Although properties of matrix have a huge impact on the overall hardness, 
eutectic hard carbides remain crucial to the wear resistance.
Figure 6:Austenitic Matrix 
Microstructure [52] 
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2.5 Abrasive Wear Mechanism 
According to Zum Gahr (1988), the penetration of harder body into the softer surface in sliding 
contact led to the displacement of material, which is known as abrasive wear [57]. The nature 
and degree of abrasive wear depends on several aspects such as type of abrasive, relative 
loading and moment, surface microstructure, chemical or temperatures effects that may be 
involved [14].  
Abrasive wear can be classified into two types which is two-body or three-body abrasion. In 
two-body abrasion, there is no abrasive particles presents during constant interaction between 
two surface media [56]. Meanwhile, in three-body abrasion, abrasive particles are either moving 
freely or partially embedded into one of the rubbing materials. Abrasive wear can be caused by 
one of the following combinations of these mechanism; microploughing, microcutting and 
microcracking. 
Archard’s equation is one of the most popular wear equations developed for adhesive wear 
conditions. It is widely used to model the abrasive and other types of wear although it was 
initially derived for adhesive wear. By using Archard’s equation, the wear volume is given by 
the following expressions; V = K1WL/3H where K1 depends on the elastic plastic contacts, W 
is the load, L is the sliding distance of travel and H is the hardness of material [3].  
2.5.1 Microploughing 
Microploughing has relatively lower wear rates among 
other abrasive wear mechanisms. If there is no or single 
abrasive particles passes through, microploughing does 
not result in material loss from a wearing surface. 
Microploughing only causes a continual displacement of 
material to the sides of the wear [56]. However, 
detachment of material from surface could occur if there 
are many abrasive particles act simultaneously and 
continuously on the surface [56]. There is a possibility 
that the material that is ploughed repeatedly may break off  
in low cycle fatigue. The mechanism of microploughing is 
illustrated in Figure 7 above.  
 
Figure 7: Mechanism of 
Microploughing [56] 
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2.5.2 Microcutting 
The transition of microcutting from microploughing relies 
on the operating conditions and properties of the wearing 
material [56]. Mulhearn et al. (1962) stated that if the 
attack angles of the abrasive particles are greater than the 
critical value, microcutting mechanism takes place and 
detaches material from the surfaces [41]. Microcutting 
mechanism becomes dominant as the hardness of the worn 
material increases. Compared to microploughing, 
microcutting occurs in less ductile material and causes 
higher wear rates. Microcutting results in the proportional 
material loss from the surface to the volume of the wear 
grooves produced [56]. The mechanism of microcutting is 
portrayed in Figure 8 below. 
2.5.3 Microcracking 
 Microcracking occur from the transition of microcutting 
due to the increase in the hardness of material. 
Microcracking is the dominant wear mechanism for brittle 
materials, while ductile material exhibits both micro-
ploughing and micro-cutting as the dominant wear process. 
Microcracking occurs when brittle materials are subjected 
to abrasive particles with high stress concentration, 
causing wear debris to detach from wearing surface[56]. 
An increase in ratio of hardness to fracture toughness of 
the wearing materials will favour the formation and 
propagation of crack.  
The mechanism of microcracking is represented in Figure 9 above. At the onset of 
microcracking, the abrasive wear loss increases with the increase in material brittleness. Flaking 
or spalling of material occurs at the edges of the wear groves. Microcracking results in greater 
volume of the loss material to the volume of the wear grooves produced [56]. Hence, it has the 
most severe wear rates among all wear mechanisms.
Figure 8: Mechanism of 
Microcutting[56] 
Figure 9: Mechanism of 
Microcracking [56] 
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2.6 Carbide Volume Fraction 
Carbide volume fraction (CVF) is one of the most prominent microstructural parameters that 
affects the abrasion resistance of an alloy. Carbon and chromium are the main alloying elements 
that affect the carbide morphology and carbide volume fraction of white cast iron. The carbide 
volume fraction can be estimated by using Maratray’s equation of which this empirical formula 
is established based on the weight percent of carbon and chromium present in the alloy [38]. It 
can be seen that carbon carries significant influence  on the carbide volume fraction as compared 
to chromium. For a 1% increase in carbon, carbide volume fraction increases by 12%. 
Meanwhile, at 1% increase of chromium content will correspond to 0.6% increase in carbide 
volume fraction [38]. 
CVF % = 12.33 (%C) + 0.55 (%Cr) − 15.2  (±2.1 CVF%)  
Carbide volume fraction displays a very strong influence on the abrasive wear performance of 
high alloy white cast irons. An increase in carbon content causes the proportion of dendritic 
regions to diminish since the solidification range to the eutectic composition become much 
smaller.  It leads to large amount of eutectic carbides being formed and carbide volume fraction 
to increase across hypo-eutectic and hyper-eutectic alloy compositions. The increase in CVF 
can then be translated into better abrasion wear performance of white cast irons.  
Although the abrasive wear performance of high alloy white cast iron is expected to increase 
with the increase in carbide volume fraction, the actual performance is greatly dependent on the 
wear mechanisms that occur. An increase in CVF will lead to deterioration of abrasive wear 
resistance if M7C3 carbide were to be susceptible to fracture. Meanwhile, if the wear of the 
matrix becomes the dominant wear mechanism, an increase in CVF will improve the abrasive 
wear resistance. 
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2.7 Alloy Composition 
Alloy is an impure metal which is made by combining two or more elements considering, at 
least, one of them needs to be a metal. Most alloys are formed to enhance one or two specific 
properties to meet intended services such as mechanical strength and abrasion resistance. 
Compared to pure metals, a combination of metals is more resistant to damage and may reduce 
the overall cost of the materials while conserving significant properties. 
2.7.1 Carbon 
Carbon represents the most critical alloying element because it determines the presence of an 
iron-rich carbide called cementite, which makes white cast iron different from grey cast iron. 
The hardness of white cast iron is associated with the carbon content present in the alloys. Low 
carbon white cast iron (~2.50% C) has relatively low hardness compared to high carbon white 
cast iron (>3.50%C) with 375 HB and 600 HB hardness recorded respectively [10]. In many 
cases, high carbon content has been strongly related to the increase in wear resistance due to 
the increase in the carbide volume fraction [22][28]. 
Depending on the carbon percentage in the chemical composition, different types of white cast 
iron can be formed. With a carbon percentage equals to 4.3%, eutectic white cast iron will 
appear. If the carbon percentage is ranging from 2%-4.3%, hypo-eutectic white cast iron will 
emerge. Conversely, if the carbon percentage is above 4.3%, hyper-eutectic white cast iron is 
obtained [29]. Hyper-eutectic white cast iron is composed of a network of chromium-rich M7C3 
carbides in an austenitic matrix. It is the presence of these very hard yet brittle carbides that 
will incline it to suffer from micro-cutting or micro-fracture against abrasive particles. 
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2.7.2 Chromium 
Chromium has three major uses in cast irons  including carbides formation, imparting corrosion 
resistance and stabilising the structure for high temperature applications [10]. Since the 
presence of chromium during iron solidification will favour the formation of carbides, it has 
lesser impact on hardenability because chromium is not effective in promoting the eutectoid 
transformation to pearlites. Small percentage of chromium content ranging from 15%-35% is 
usually added during casting to ensure white cast iron is free from graphite structure when 
silicon content is less than 1% [10].  
Chromium  is also one of the best elements to stabilise iron carbide in the heat treatment process 
and to prevent the breakdown of carbide at high temperature [10]. Chromium influences the 
hardness and distribution of eutectic carbides. At the chromium content greater than 12% in 
white cast iron, M7C3 eutectic carbide is formed rather than M3C eutectic carbide that often 
appears at lower chromium contents [2]. For pearlitic white cast irons, low chromium content 
is utilised to increase their hardness and abrasion resistance. Even though high chromium white 
cast irons are usually present in as-cast conditions, their optimum properties can be utilised in 
the heat treated conditions.  
2.7.3 Molybdenum 
Molybdenum, Mo is able to control the formation of soft pearlite in the microstructure and 
brings positive attributes to the wear resistance if added to high Cr white cast irons. The effect 
of Mo addition could be observed at 1wt. % Mo content where it promotes the formation of 
M7C3, M23C6 and M6C eutectic carbides that cause the Vickers macrohardness of white cast 
iron alloys to increase from 495HV to 674HV [36]. It increases the hardness of alloys through 
solid solution strengthening where Mo dissolves into austenite regions. However, this increase 
in hardness is probably more related to the avoidance of pearlite than to any increase in carbide 
hardness and sometimes M23C6 and M6C are also probably softer than M7C3. 
2.7.4 Nickel 
Like silicon, nickel promotes graphite formation and can be found easily in the transformation 
products or austenitic phase. Addition of nickel in low chromium white cast iron up to about 
2.5% increases the alloy hardness and refines the microstructure of pearlite. Meanwhile, nickel 
is needed to suppress pearlite formation in the casting of high chromium white cast iron from 
the range of 12%-28% of chromium weight percentage [10]. Other than that,  an excessive high 
nickel content of more than 6.5% will cause the overstabilisation of austenite. The typical 
amount of nickel is about 0.2%-1.5% and is often added in conjunction with molybdenum [10]. 
.   
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2.7.5 Silicon 
Silicon is the main factor that determines the amount of carbon present at the eutectic. An 
increase in the amount of silicon promotes the formation of graphite upon solidification due to 
lower carbon content. Conversely, an increase in silicon content is beneficial if there are 
sufficient amounts of pearlitic-suppressing elements present which will allow the amount of 
martensite and hardness to increase.   
It is important to ensure that the amount of silicon to be low in high alloy white cast iron because 
it has a negative effect on hardenability such that it promotes the pearlitic matrix formation in 
martensitic irons. Although addition of Si up to 0.9% could increase the formation of pearlite, 
slight increase in as-cast hardness contributes to positive result on the wear behaviour. T.E 
Norman et al. (1960) suggested that there might be benefits in elevated Si up to about 1.6%, but 
it is necessary to add extra Mo or Ni to compensate for the negative effect of Si on hardenability 
[51]. 
2.7.6 Titanium 
Apart from that, increasing vanadium and titanium content may improve the wear resistance of 
alloys with higher volume fraction of eutectic M7C6 and V6C5 carbides that will form. Titanium 
will generate its own carbides with the formula TiC and will not enter M7C3 eutectic carbides, 
though vanadium might do [55]. Addition of Niobium, Nb to high Cr white cast iron is also 
able to improve wear resistance since it can form very high carbides with hardness around 2400 
HV and can dissolve in the matrix, which indirectly increases the matrix hardness from 694HV 
to 899HV with 3.47% hardness increment [28].
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2.8 Effect of Microstructures on the Abrasive Wear 
The effect of microstructural constituents, mainly eutectic carbides and matrix structure on the 
abrasive wear behaviour in high alloy white cast iron will be discussed in this section. The 
microstructures of high alloy white cast iron could be diverse through selection of alloy, route 
of processing and heat treatment. Eutectic carbides have significance influence on abrasion 
resistance of white cast iron because they constitute between 20%-35% of microstructures.  
The factors that affect abrasion resistance of white cast irons alloys are mainly centred on 
carbides which includes type of carbide, carbide hardness, carbide volume fraction, orientation 
of carbide and the mean path of the matrix between carbides. The variations in wear resistance 
are caused by the changes in hardness resulting from the different microstructural constituents 
that are present in white cast iron alloys. The hardness of abrasive material relative to the 
hardness of microstructural constituents in white cast irons alloys are shown in Figure 10 where 
M7C3 carbides possess greater hardness compared to quarts and garnet.  
At the onset of wear, this eutectic network of chromium rich carbides M7C3 can reduce the 
ability of abrasive particles to penetrate softer alloy surface resulting in less material loss from 
combined effect of micro-ploughing and micro-cutting [25]. As long as it does not suffer from 
fracture-related damage mechanism, it is expected that the presence of eutectic carbides M7C3 
in high Cr white cast iron will demonstrate excellent wear resistance against the most common 
abrasives that are normally encountered in the mining industry [25]. 
 
 
 
 
 
 
 
 Figure 10: Relative Hardness of Abrasive Material to Microstructural 
Constituents of Alloy White Iron [16][11] 
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Besides primary carbides, the formation of secondary carbide also contributes to the 
improvement in wear performance of high Cr white cast iron. To obtain higher hardness and 
better wear resistance, the destabilisation must be carried out to minimize the amount of soft 
austenite from retains after cooling. The destabilisation of austenite promotes the precipitation 
of secondary carbides which leads to the increase in martensite start (Ms) and martensite finish 
(Mf) temperature, hence large amount of very hard martensite is produced [54].  
As mentioned in the literature, the highest abrasion resistance is achieved at the combination of 
highest alloy hardness, substantial volume fraction of secondary carbides and minimum amount 
of austenite [4]. Once secondary carbides are formed, their amount can be easily changed 
compared to primary or eutectic carbides because it can precipitate in both solidified and heat-
treated conditions. The hardness of matrix plays a significant role in determining the wear 
resistance of high Cr white cast iron because the volume fraction of eutectic carbides does not 
correspond to any changes in thermal treatment.
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2.9 Effect of Carbide Volume Fraction on the Abrasion Resistance 
The abrasive wear resistance of a multiphase microstructures is mainly depending on the 
behaviour of the constituents embedded in the matrix  as well as the wear mechanism of these 
features against abrasive particles. Although it is known that the carbon content seems to have 
a direct relation to the abrasive wear loss, eventually it is the dominant wear mechanism that 
determines the wear resistance of high Cr-Mo white cast iron. 
Fulcher et al. (1983) carried out a dry abrasive rubber wheel abrasion test (RWAT) on a series 
of alloys with different CVF but constant carbide and matrix compositions to study the 
influence of CVF in resisting abrasion wear against quartz and Al2O3 [20]. For quartz abrasion, 
there was a reversal in the trend of wear resistance against carbide volume fraction. From this 
low stress abrasion RWAT of quartz, it was found that the maximum wear resistance can only 
be obtained at the intermediate carbide volume, near the eutectic composition [20]. 
However, this result is in contrast when harder abrasive Al2O3 is used. The ability of Al2O3 
abrasive particles to cut the carbides completely allows the wear resistance to increase gradually 
with the increase in carbide volume fraction. The declining wear performance of these alloys 
against different hardness of abrasive minerals is associated with the spalling of primary M7C3 
carbides in the hypereutectic alloys, a phenomenon of which has been seen to occur in the quartz 
abrasive tests only [20]. The wear performance of these alloys against quartz Al2O3 is 
represented in Figure 11 below. 
 
 
 
 
 
 
 
 
 
Figure 11: RWAT Weight Loss of Cr-Mo White Irons as a function of 
CVF (left; quartz  right;Al2O3) [20] 
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The behaviour of abrasive wear loss to carbide volume fraction in the matrix structure is 
complex and inconsistent. Zum Gahr and Eldis (1980) performed a wet rubber wheel test as 
well as a pin test on silicon and garnet abrasive particles to examine the influence of the matrix 
structure on the abrasive wear performance of high Cr-Mo white cast irons at a range of 7%-
45% carbide volume fractions [58]. 
 
 
 
 
 
 
 
 
There is a strong correlation between the abrasive wear loss to the volume of carbides in both 
austenitic and martensitic structure as depicted in Figure 12 above. For 150 mesh garnet, the 
abrasive wear loss decreases and reaches a minimum as the carbide volume fraction increases 
up to about 30% of the microstructural constituents [58]. Apparently, a minimum in abrasive 
wear loss seems to occur in both martensitic and austenitic structure at the same carbide volume 
fraction. Beyond 30% of CVF, the abrasive wear loss increases due to spalling and 
microcracking of massive carbides [58]. 
However, this is not the case under certain abrasive wear conditions, particularly 180 mesh SiC 
where the correlation is weak and in the opposite direction. In 180 mesh SiC, the abrasive wear 
loss increases linearly with the increase in carbide volume fraction. The presence of hard 
carbides in austenitic matrix shows substantial abrasive wear loss compared to the martensitic 
matrix. Overall, it is clear that the abrasive wear loss is significantly greater with 180 mesh SiC  
than that of 150 mesh garnet at the same carbide volume fraction.  
 
 
Figure 12: Abrasive Wear Loss as a Function of 
Carbide Volume Fraction [58] 
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When this happens, it appears that abrasion resistance of the matrix  becomes the main concern 
because it controls the rate at which carbide turns unsupported and fracture. If the abrasive 
particles are fine enough, they will penetrate into the opposing surface and abrade the soft 
matrix aggressively at the onset of abrasion [58]. Hence, the carbides become unsupported and 
this results in alloys to be severely worn.  
Since matrix offers mechanical support to carbides, excessive wear of matrix increases the rate 
at which carbides tend to fracture, thus decreasing the wear performance of high alloy white 
cast iron. These findings agree with the past studies on the comparison of the heat-treated 
martensitic matrix with as-cast austenitic matrix. It has been revealed that a pearlitic matrix 
should be avoided if a good abrasion resistance is desired because this matrix provides less 
support to carbides. Therefore, the matrix structures must be altered in such a way that the 
matrix mean free path allows only carbides to be worn by the abrasive particles. 
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2.10 Effect of Alloy Composition on the Microstructure and Hardness 
The outstanding abrasive wear resistance of high alloy white cast irons is influenced by the 
microstructural characteristic that can be changed by varying the alloying elements. Fang et al. 
(1987) mentioned in their paper that at a constant carbide volume fraction, increasing Cr/C ratio 
have proven to improve the low stress wear performance through an increase in the 
microhardness of M7C3 eutectic carbides [17]. 
This study was carried out by using different chromium contents ranging from 2%-27% and 
20-25% of carbide volume fraction in alloys by which significant changes in carbide 
morphology were shown from continuous network to plate-like or rod-like carbide as Cr/C ratio 
increases. The formation of the latter carbides provides effective protection to the matrices, 
hence improving the abrasive wear resistance in both wet rubber wheel abrasion and pin on disc 
tests. 
Figure 13 outlines the chemical composition and the Cr/C ratio required to favour the formation 
of austenite, M3C, M7C3 eutectic carbides and other microstructural features in high Cr white 
cast irons containing Mo investigated in past studies. Ikeda et al.(1992) stated that a M2C 
carbide was found when 1wt.% Mo was added into high Cr white cast iron with Cr/C ratio of 7 
[30]. However, the presence of 1wt.% Mo in as-cast high Cr white cast iron with Cr/C ratio of 
8 and 6 did not cause any significant changes in the microstructure of the alloy [53][13]. It was 
found that alloying additions with appropriate number of carbide-forming elements in high Cr 
white cast iron showed improvement in wear performance through in situ formation of specific 
carbides and refinement of the microstructure. 
 
 
 
 
 
 
 
 
 
Figure 13: Chemical Composition and Cr/C ratio of high Cr-Mo 
White Cast Irons [31][53] 
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There are a few contradictions in literature on the influence of several alloying elements 
additions, such as Ni, Mn, and Cu, on the abrasion resistance. According to T.E Norman et al. 
(1960) and Gundlach (1974), addition of these alloying elements has been detrimental to the 
wear resistance of high alloy white cast iron due to overstabilisation of austenite phase 
[24][51].The overstabilisation allows large portion of soft austenite to remain in the 
microstructure and decreases the hardness of alloy [52]. 
Meanwhile, Kilarski (1982) highlighted that the addition of these alloying elements was found 
to be beneficial to the wear performance because they increase alloy hardenability by permitting 
formation of a strong martensite matrix, instead of soft pearlite [34]. Since both reported effects 
can be true, there is likely to be an optimum level of these alloying elements to outweigh the 
negative attributes that come with it. 
The presence of carbon, chromium and molybdenum as carbide forming elements develop 
greater wear resistant material through better protection of matrix by very hard eutectic carbide, 
refining the cast structure and decreasing the mean free path of the matrix [52]. According to 
Zum Gahr and Eldis (1980), the amount of eutectic carbides should be set at about 30% volume 
fraction to achieve the balance between the toughness and wear resistance [58]. However, Qian 
and Chaochaang (1997) suggested a 10% volume fraction of eutectic carbides for impact 
abrasion in low alloy white cast iron[48]. 
Few studies reveal that the high carbon content in white cast iron alloys content often performs 
the best against abrasion resistance. High chromium white cast irons have been recognized as 
one of the ideal combinations of toughness and abrasion resistance among the white cast irons 
where the carbon content in iron could be varied accordingly to meet the properties required 
for the intended service. Heat-treated white cast iron alloys also have better wear resistance 
compared to unalloyed and as cast white cast iron due to the transformation of austenite into 
martensite and the presence of secondary carbides from the heat treatment process. 
Therefore, it is sufficient to postulate that the abrasion resistance varies dramatically with the 
type of alloying elements added to the white cast iron alloys. As a result, more research and 
development activities are growing to improve the abrasion resistance of white cast iron, 
particularly in controlling the microstructural features of commercial high-Cr-Mo and Nihard-
4 white cast irons.
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3.0 Materials and Methods 
3.1  Specimen Types 
This research was carried out by using three samples of NiHard-4 (8Cr, 5Ni) and five samples 
of high Cr-Mo WCIs (15-30 Cr, 0-3 Mo) to correlate the microstructural characteristic to the 
hardness of white cast irons at a different alloy composition. The measured chemical 
composition of NiHard-4 and high-Cr-Mo white cast iron alloys supplied by UQ Materials 
Performance are outlined in the Table 1 below.  
Table 1: Chemical Composition of High Alloy White Cast Iron 
3.2 Surface Preparation 
3.2.1 Specimen Cutting 
For metallographic sections through samples of commercial NiHard-4 and high-Cr-Mo white 
cast irons, emphasis must be placed on the surface preparation and cleanliness of the alloys 
because the quality of surface preparation has a direct effect on the hardness test results. The 
order of surface preparation process will be as follows; specimen cutting, hot mounting, 
grinding, polishing and etching. At the start, some of the specimens were cut into approximately 
the same dimensions as the readily available specimens by using a water-cooled abrasive cut 
off wheel. 
3.2.2 Hot Mounting 
Since conventional indentation instrument test method was selected, hot mounting became 
necessary because it enables safer and convenient handling of small specimen for hardness 
measurement. After the specimen was placed in the mounting cylinder in a hot mounting press, 
appropriate amount of Polyfast mounting resin was added. Depending on the nature of the 
material, temperature and force were set at 200oC and 250 bars respectively for white cast iron 
alloys during the embedding of the specimen. As a result, a consistent final height of 
approximately 20mm was obtained for each mounted specimen.  
Material Code Bulk Composition (wt.%) 
Y-Code X-Code C Cr Mo Cu Mn Si Ni 
Y161 NH4 CO9 2017-07 3.60 6.33 0.03 0.28 0.72 1.50 4.97 
Y162 NH4 CO9 2017-08 3.82 6.00 0.01 0.21 0.48 1.64 5.68 
Y165 NH4 CO6 3.46 11.71 0.03 0.24 0.76 2.12 3.72 
Average NiHard-4 3.63 8.01 0.02 0.24 0.65 1.75 4.79 
CB100 22Cr1Mo 3.71 22.01 0.97 0.03 1.07 0.39 0.94 
Y156 15Cr1Mo CO6 2.96 17.60 1.52 0.17 0.69 0.75 0.17 
Y157 15Cr3Mo CO6 3.29 17.70 1.84 0.08 0.98 1.17 0.12 
IX30 15Cr3Mo CO6 2.87 18.93 0.04 0.07 1.06 0.36 1.43 
IX32 15Cr3Mo CO6 2.81 23.60 0.04 0.12 0.80 0.43 1.12 
Average High Cr-Mo WCI 3.13 19.97 0.88 0.09 0.92 0.62 0.76 
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3.2.3 Grinding and Polishing 
To permit a good measurement and regular indentation 
shape, specimens were prepared by using standard 
metallographic technique comprises of grinding, 
polishing and etching. The approximate hardness of white 
cast irons was determined from Struers machine manual 
book prior to discs selection. The following discs (SiC 120 
sand paper, Allegro, Dac and Nap) were used in order to 
produce shining and scratch free specimens. Every corner 
of the specimens was rounded before grinding and 
polishing since sharp corner could initiate crack as 
hardness indent was made on the surface. This polished 
sample is illustrated in Figure 14. 
3.2.4 Metallographic Etching 
 Etchant was used to reveal the microstructure details  that 
were not visible or poorly evident on the polished 
specimen. Each specimen was etched for 30 seconds by 
ferric chloride etchant that was made from a solution 
mixture of 50ml iron chloride, 20ml of hydrochloric acid 
and 20 ml of ethanol. Since the alloys have more than one 
phase, every microstructural feature can be distinguished 
easily because etchant creates contrast between regions 
and selectively corrodes some of the elements which show 
up as darker region. This is illustrated in Figure 15 below.  
Such quality is important to assess the accuracy of 
indentation placement in the centre of the target feature 
and to observe the morphology changes in relation to the 
different alloy composition.
Figure 14: Polished Specimens 
Figure 15: Etched Y156 
Specimen 
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3.3 Hardness Measurement 
High alloy white cast irons consist of a high volume fraction of carbides and a matrix that 
contains different proportions of austenite, martensite and secondary carbides. There must be a 
selection of standard load to produce appropriate indentation in relation to the size of these 
microstructural features. It is imperative to have a standard load because it represents accurate 
placement of hardness indent on the discrete carbides, eutectic mixtures and dendrite where 
indentation damage is least likely to be affected by the surrounding region.  
3.3.1 Microhardness Measurement – Duramin Vickers Hardness Tester 
Prior to commencing systematic tests on other specimens, the hardness measurement of several 
microstructural features, including M3C and M7C3 carbides as found in Y162 and CB100 
respectively, was conducted first at different applied loads ranging from 10gm to 1kg by using 
conventional indentation instrument, Duramin-200-Vickers Hardness Tester. The Vickers test 
was selected among other hardness tests because its hardness calculations are independent from 
the size of the indenter and the diamond indenter can be used for all materials irrespective of 
hardness. The procedures to measure the hardness of carbide particles were outlined below. 
1. The measurements techniques AS 1817.1, ASTM E92 and ASTM E384 were used. 
Hardness measurements were performed on CB100, a high-Cr-Mo white cast iron alloys 
to produce 2 standard loads for fine and large microstructural features, 
2. At a 0.05kgf applied load, the diamond indenter was pressed into the specimen at 12 
seconds dwell time. 20 hardness measurements on M7C3 carbide were performed with 
mean and standard deviation determined.  
3. The diagonal length of the indent was measured by using a microscope, which has been 
integral part of the Vickers Tester. The Vickers hardness number (HV) was obtained 
from the formula: HV = 1.854*F/ D2 , where F is the applied load (kg) and D is the 
diagonal length of indentation (mm). The Vickers hardness value is illustrated in Figure 
16. 
4. Load were then varied systematically at 0.1kgf, 0.2kgf, 0.3kgf, 0.5kgf and 1.0kgf.  As 
the applied load  increased, the measured hardness of carbide along with the mean and 
standard deviation were recorded,  
5. For discrete carbide in CB100, the standard load was selected based on the following 
criteria; the size of the hardness indent is smaller than the size of the carbides and the 
indentation damage must be placed accurately at the centre of the target feature,  
6. Step 1-6 were repeated for Y162, a NiHard-4 alloy that consists both iron-rich M3C 
and chromium-rich M7C3 carbides 
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7. Upon finalizing this microhardness measurement technique, hardness measurements on 
carbides in different alloys (e.g. Y161, Y165, Y156, Y157, IX30 and IX32) were 
performed at these standard loads, 
8. The effects of varying Cr/C ratio on the hardness of chromium-rich M7C3 carbides were 
systematically examined to relate to their relative wear performance. 
 
 
 
 
 
 
 
 
3.3.2 Bulk Hardness Measurement – Leco Vickers Hardness Tester 
The principle of measuring the bulk hardness is similar to the microhardness test. The bulk 
hardness of each alloy was measured by using Leco LV800AT Vickers Hardness Tester at a 
load of 50kg for 12 seconds dwell time. The indentation produced by this Vickers indenter was  
clearer, hence the diagonal length measurement of the hardness indent was more accurate. The 
bulk hardness measurement of CB100 is shown in Figure 17 below. 
 
  
 
 
 
 
 
 
 
Figure 16: Microhardness Measurement 
of M7C3 Carbides 
Figure 17: Bulk Hardness Measurement 
of CB100 
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3.4 Microstructural Analysis 
The microhardness measurement technique was validated by assessing the degree of the 
indentation damage on carbide phase through Reichert-Jung Polyvar Met Microscope. This 
Reichert-Jung Polyvar Met Microscope complies with the ASTM standards to produce images 
of the alloys microstructures at different magnifications ranging from 50X to 1000X. Additional 
optical microscopy technique, known as Nomarski Interference Contrast (NIC), was used to 
image, living and stained different phases in microstructures which previously contain very 
little or no optical contrast when observed using bright field illumination.  
The usage of NIC allowed clear visualization of Vickers indentation damage on carbide phase 
since the microstructures appeared to be in three-dimensional objects due to oblique 
illumination.  Thereby, image to obtain carbide hardness for validation purposes. The use of 
this metallurgical microscope represented a slight improvement from the former technique 
because it allowed operator to assess the size and positioning of the indentation damage in 
relation to the microstructural features. 
 
 
 
 
 
 
 
 
 
3.4.1 Microstructural Morphology - Polyvar Met Microscope 
Apart from assessing the indentation damage on carbide phase, this microstructural analysis 
also involved in identifying changes in microstructural morphology of NiHard-4 and high-Cr-
Mo white cast iron due to the variation of Cr/C ratio in the alloy. With regards to the 
microstructures, it is important to have photographs taken under the same conditions e.g. same 
microscopy condition and magnification to discern the key differences between the different 
alloys.  
Figure 18: Polyvar Optical 
Microscope and Nomarski 
Interference Lens 
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3.4.2 Microscope Imaging Software – SpotCam 3.2.4 
SpotCam 3.2.4 has been calibrated accurately to the metallurgical microscope that was used 
previously. It was used to insert a scale bar on the photographs and measured the size of the 
microstructural features present in the alloy. Depending on the magnification and objective lens 
set, the microstructures were photographed, and the diagonal lengths (widths) of the features 
were measured by using this imaging software.  It is illustrated in Figure 19 below where the 
sizes of the carbides present in CB100 were measured. The measured sizes (widths) of the 
features obtained will then be compared to the sizes of the hardness indent for selection of the 
standard load. This method is more accurate because it allows manual selection of features with 
consistent size to be measured. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Size of Carbides via SpotCam Imaging 
Software 
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4.0 Results  
4.1 Microstructure 
Microstructure is one of the most significant factors affecting mechanical properties and wear 
performance. Mechanical properties of white cast irons depend on the type, amount and 
distribution of phases present within the microstructure. Understanding on microstructural 
development of white cast iron unveils relationship between microstructure and mechanical 
properties, thereby determining superiority of alloys. 
Systematic studies on the relative wear performance of different types of white cast irons were 
performed on a commercial NiHard-4 (8Cr, 5Ni) and high Cr-Mo WCIs (15-30 Cr, 0-3 Mo) 
white cast iron. The specimens were received in as-cast condition without prior heat treatment. 
The microstructural characteristics of these specimens, ranging from hypo-eutectic, on-eutectic 
and hyper-eutectic alloys were discussed below.  
4.1.1 Hypo-eutectic Microstructure 
 
 
 
 
 
 
 
 
 
Figure 20 shows a sample of hypo-eutectic white cast iron with a carbon content of 3.6 wt.% 
and a medium-to-low volume fraction of carbides. The microstructure in this state consists of 
chromium-rich M7C3 carbides (A), eutectic mixtures of M7C3 and martensite (B), ledeburite 
(C) and austenite dendrites (D). Primary austenite dendrites were the first to precipitate from 
the melt when the liquidus line is reached, followed by the mixture of austenite and cementite, 
at eutectic temperature.  
 
Figure 20: Y161 (NiHard-4)Hypo-eutectic Microstructure Under 200x 
Magnification 
D 
B 
C 
A 
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Ledeburite is a eutectic structure of iron and cementite that is formed in the two stage processes. 
The first stage involves the growth of cementite dendrites around the austenite dendrites. In the 
second stage, the eutectic growth of  austenite and dendrites occurs on the sides of the primary 
cementite plates as the two phases solidify together at the interface with the liquid. The growth 
of eutectic at the right angle to the primary cementite plates has defined the presence of rod 
eutectic microstructure as the dominant characteristics of ledeburite morphology.  
4.1.2 On-Eutectic Microstructure 
 
 
 
 
 
 
 
 
 
Figure 21 depicts a sample of on-eutectic white cast iron with a carbon content of 3.82 wt.% 
and a medium-to-high volume fraction of carbides. The microstructure in this state consists of 
chromium rich M7C3 carbides (A), eutectic mixtures of M7C3 and martensite (B), ledeburite (C) 
and austenite dendrites (D). The eutectic colonies are composed of a rod-like and blade-like 
chromium-rich M7C3 carbides and martensite, which are the transformation product from 
austenite. Both Y161 and Y162 have a continuous network of iron-rich M3C carbides with one-
dimensional rod of austenite in ledeburite morphology. 
Various outcomes of the white cast irons are determined by carbon content and eutectic point. 
If the carbon contents were to be less than the eutectic point, white cast iron will obtain a hypo-
eutectic microstructure consisting of ledeburite and possibly pearlite. Vice versa, if the carbon 
contents were to be greater than the eutectic composition, white cast iron will obtain a hyper-
eutectic microstructure consisting of bulky primary eutectic carbides.  
Figure 21: Y162(NiHard-4). On-eutectic Microstructure Under 200x 
Magnification 
A 
C 
D 
B 
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4.1.3 Hyper-eutectic Microstructure 
 
 
 
 
 
 
 
 
 
Figure 22 shows a sample of hyper-eutectic white cast iron with a carbon content of 3.71 wt.% 
and a very high volume fraction of carbides. The microstructure in this state consists of 
chromium-rich M7C3 carbides (A), eutectic mixtures of M7C3 and austenite / martensite (B) and 
large proportion of iron-rich matrix within the eutectic (C). Hyper-eutectic alloys are often 
characterised by the presence of hexagonal and bulky primary carbides. There is a substantial 
change in the transition from iron-rich M3C carbides to chromium-rich M7C3 carbides at this 
chemical composition, whereby ledeburite morphology is no longer visible in this 
microstructure. NiHard-4 tends to contain both iron-rich M3C carbides and chromium-rich 
M7C3 meanwhile high-Cr-Mo white cast iron contains only chromium-rich M7C3 carbides. 
The presence of adequate amount of alloying element within chemical composition of high 
chromium white cast iron refrains graphite formation during solidification. It has a high volume 
fraction of carbides and a matrix which contains different proportions of austenite and 
martensite. As such, it is important to identify these microstructural features in determining the 
difference in hardness between iron-rich M3C carbides, as found in NiHard-4  and chromium-
rich M7C3 carbides, as found in high Cr-Mo white cast iron. Refer Appendix A: Microstructural 
Characteristics to obtain high-magnification images (500x or 1000x) of the respective features 
for hardness indentations and measurements. 
 
 
Figure 22: CB100 (high-Cr-Mo WCI). Hyper-eutectic Microstructure 
Under 200x Magnification 
A 
B 
C 
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4.2 Size of Microstructural Features 
 Prior to commencing hardness measurements, the microstructures were photographed, together 
with the diagonal length (width) of the features measured by using SPOT imaging software. 
The measured size of the features obtained were then compared to the size of the hardness 
indent. This comparison was made to select the best load which produces appropriate 
indentation size for hardness measurements on individual features. The selection of standard 
loads was based on two sample alloys; Y162 and CB100. The size of the features presents in 
their microstructure; discrete carbides, eutectic aggregates (mixtures) and dendrites were shown 
in Table 2 below.  
 
4.3 Selection of Standard Load 
This chart facilitates the comparison between the size of the hardness indent and the size of the 
microstructural feature. Since size of each microstructural features was independent of load, 
they were plotted as the constant horizontal line as shown in Figure 23 below. At high loads, 
the indent was bigger than the feature and this has resulted in crossing of indent size curve over 
the horizontal line. It was observed that an increase in applied load decreases the discrete 
carbide hardness, vice versa for the hardness of other features. 
There is a merit in plotting this chart because at a given load, the microhardness of certain 
features seems to overlap. This intersection point acts as one of the key determinants in selecting 
the standard load. Figure 24 shows the M3C and M7C3 indent size curves that have crossed over 
the horizontal line at 0.30 kgf load. Based on these two alloys, the best standard loads were 
found to be 0.05 kgf for discrete carbides and dendrites; 0.20 kgf for eutectic aggregates. Refer 
Appendix B : Selection of Standard Load to obtain the diagonal length of the indent and images 
of indentation damage on these features at different applied load. At this standard load, the 
hardness measurement of individual features produced indentation damage that was not 
affected or least affected by the surrounding region.  
Alloy Microstructural 
Features 
Average Size of 
Feature (mm) 
% StdDev Normalized 
StdDev % 
CB100 Discrete Carbides 26.22 2.09 7.95 
M7C3 Eutectic 
Mixture 
31.12 2.04 6.55 
Dendrites 34.46 3.12 9.07 
Y162 Discrete Carbides 28.91 5.51 19.06 
M7C3 Eutectic 
Mixture 
25.65 2.08 8.12 
M3C Eutectic 
Mixture 
29.16 4.47 15.32 
Dendrites 22.56 3.37 14.94 
Table 2: Size of Microstructural Features in CB100 and Y162 
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Figure 23 : Comparison Between Size of the Microstructural Features and 
Size of the Hardness Indent at Different Indentation Load in CB100 
(high-Cr-Mo WCI) 
Figure 24: Indent Size Curve of M3C and M7C3 Eutectic Mixtures in Y162 
(NiHard-4) Cross Over the Horizontal Line at 0.30 kgf load  
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4.4 Hardness Measurements -Effect of Cr/C Ratio 
Having selected the standard loads, the hardness measurements of microstructural features were 
conducted for the remaining alloys: Y161, Y165, Y157, Y156, IX30, and IX32. In ensuring the 
reproducibility of our research, 20 hardness measurements were performed on discrete carbides, 
dendrites and eutectic aggregates at 0.05 kgf and 0.20 kgf loads respectively, by using 
conventional indentation instrument, Duramin-200-Vickers Hardness Tester.  
The bulk hardness of each alloys was measured by using Leco LV800AT Vickers Hardness 
Tester at the indentation load of 50 kg and 12 seconds dwell time. Cr/C ratio was selected as 
the test parameter and the hardness measurements obtained for alloys with a broad range of 
Cr/C ratios were tabulated in Table 3. The effect of varying Cr/C ratio on the hardness of 
microstructural features were illustrated in Figure 25 below. 
 
 
 
 
 
 
 
 
 
 
 
Alloy 
Code 
Cr/
C 
Cr CVF Discrete 
Carbides 
M3C 
EM 
M7C3 
EM 
Bulk 
Hardness 
Dendrites 
Y162 1.57 6.00 35.20 998 810 786 697 445 
Y161 1.76 6.33 32.67 943 736 736 678 407 
Y165 3.38 11.71 33.90 885 - 661 664 466 
Y157 5.38 17.70 35.10 1190 - 755 729 655 
CB100 5.93 22.01 42.65 1355 - 795 697 544 
Y156 5.95 17.60 30.98 999 - 686 686 532 
IX30 6.60 18.93 30.60 842 - 580 519 339 
IX32 8.40 23.60 32.43 620 - 466 511 249 
Table 3: Hardness Measurement of NiHard-4 and high-Cr-Mo WCI Alloys 
Figure 25: Effect of Varying Cr/C Ratio on Measured Hardness of 
NiHard-4 and high-Cr-Mo WCIs 
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From this chart, it is apparent that the results obtained for discrete carbides hardness and bulk 
hardness were difficult to interpret. Literature review has suggested that the hardness of 
chromium-rich M7C3 carbide should increase with increasing chromium concentration in the 
alloy. Meanwhile for bulk hardness, the opposite trend was predicted as Cr/C ratio increases. 
However, it appears that the hardness trends for both microstructural features contradict to the 
past literature. The experimental result of this study showed that NiHard-4 alloys, Y162 
exhibited the highest eutectic carbide hardness at the lowest Cr/C ratio of 1.57. Meanwhile for 
high Cr-Mo WCIs, it was found that CB100 possessed the highest carbide hardness instead of 
having a medium Cr/C ratio of 5.93. Results gathered could possibly advance knowledge pool 
within the sector, given the statistical significance obtained. 
4.5 Hardness Measurements – Effect of Carbide Volume Fraction 
The effect of varying carbide volume fraction (CVF) on the hardness of microstructural features 
was illustrated in Figure 26 below. From this chart, it was found that the hardness of M7C3 
carbides increases with increasing carbide volume fraction. For high-Cr-Mo WCIs, CB100 
exhibited the greatest M7C3 carbides hardness (1355 HV) at the highest CVF of 42.65. 
Meanwhile for NiHard-4, it was found that Y162 has the second-highest M7C3 carbides 
hardness (998 HV) at 35.20% CVF.  
 
 
 
 
 
Figure 26:  Effect of Varying CVF on Measured Hardness of NiHard-4 
and high-Cr-Mo WCIs 
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4.6 Relative Wear Life 
Table 4 below shows the result of DS-RWAT, ICAT and BMAT tests that were carried out by Marnane and Chen (2018) on a series of NiHard-4 
and high-Cr-Mo WCIs (excluding IX30 and IX32) to determine their relative wear life against low-alloy martensitic steel, Bisalloy 500 [39][9]. It 
has been found that high-Cr-Mo WCIs performed better in abrasive wear compared to NiHard-4. Substantial improvement in wear life can be seen 
in ICAT with basalt whereby the magnitude of performance benefit obtainable was the highest (2.1) compared to other abrasive environments. The 
relative wear life for both classes of alloys decreases upon application of quartz abrasive particles in ICAT and BMAT respectively. 
Relative Performance (Service Life Relative to Bisalloy 500) 
Materia Codes Alloy 
Type 
DS-RWAT ICAT (Inner Circumference Abrasion 
Test) 
BMAT (Ball Mill Abrasion Test) 
 
Y-Code X-Code 
 
ASTM G65  
Procedure B 
MtMorrow Basalt 
7.2 m/s, 2x1hr 
 
Tumbulgum 
Quartzite 
7.2 m/s, 2x1.25hr 
MtMorrow Basalt 
<25mm (1st 5hrs) 
Tumbulgum 
Quartzite 
<9mm (5hrs) 
Average StdDev Average StdDev Average StdDev Average StdDev Average StdDev 
Y161 NH4 CO9 
2017-07 
NiHard-4 6.3 7% 4.3 8% 1.6 17% 3.1 22% 0.8 15% 
Y162 NH4 CO9 
2017-08 
NiHard-4 5.9 5% 5.4 7% 1.5 7% 3.3 15% 1.0 5% 
Y165 NH4 CO6 NiHard-4 5.0 7% 3.9 6% 1.8 0% - - - - 
Average NiHard-4 5.8 9% 4.1 19% 1.6 7% 3.2 2% 0.9 10% 
CB100 22Cr-1Mo High-Cr-
Mo WCI 
8.8 8% 12.3 13% 2.8 2% 3.5 24% 1.1 4% 
Y156 17Cr2Mo 
CO6 
High-Cr-
Mo WCI 
7.7 7% 6.1 20% 2.6 3% - - - - 
Y157 17Cr2Mo 
CO6 
High-Cr-
Mo WCI 
7.8 16% 9.5 16% 2.7 6% - - - - 
Average High-Cr-
Mo WCI 
7.6 12% 8.4 31% 2.6 9% 4.3 28% 1.1 3% 
Ratio High-Cr-Mo to NiHard-4 1.3 2.1 1.6 1.4 1.2 
Table 4 : Relative Wear Life Performance of NiHard-4 and high-Cr-Mo WCIs (Chen, 2018) (Marnane, 2018) 
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4.7 Microstructural Features 
Increasing Cr/C ratio has brought about distinct changes to the microstructural morphology of 
NiHard-4 and high-Cr-Mo WCIs. The changes in distribution of microstructural constituents, 
especially eutectic carbides may influence their relative wear performance. This is because high 
alloy white cast iron contains a eutectic network of chromium-rich M7C3 carbides which is 
harder than most abrasive minerals found. It is the presence of these very hard carbides that 
provides excellent abrasion resistance to white cast irons. 
4.7.1 NiHard-4 : Microstructural Characteristics 
The effect of varying Cr/C ratio on the microstructural morphology of NiHard-4 was discussed. 
Both Figure 27 and Figure 28 show the microstructure of a) Y161 and b) Y165 respectively 
under 200x magnifications. At low chromium content (Cr/C ratio < 3.00), both Y161 and Y162 
contain ledeburite as part of their matrix constituent. However at slightly higher Cr/C ratio, 
there is no M3C eutectic carbides visible in Y165. Refer Appendix C: Microstructure of NiHard-
4 to obtain images of NiHard-4 microstructure at higher magnifications 500x and 1000x. This 
includes microstructure of Y162 as well. 
4.7.2 High-Cr-Mo WCI : Microstructural Characteristics 
The effect of varying Cr/C ratio on the microstructural morphology of high-Cr-Mo WCIs was 
discussed. Both Figure 29 and Figure 30 show the microstructure of c) Y157 and d) IX32 under 
200x magnifications. At high Cr/C ratio of 8.40, IX32 has been found to exhibit greater 
proportion of austenite dendrites over very fine rod-like M7C3 chromium-rich carbides. High 
chromium content in the alloys have led to the increase in the volume fraction of austenite 
dendrites and inhibit the development of M7C3 eutectic carbides. This has caused finer eutectic 
carbides to emerge within the eutectic itself. Refer Appendix D: Microstructure of High-Cr-Mo 
WCI to obtain images of high-Cr-Mo WCIs microstructure at higher magnifications 500x and 
1000x. This includes microstructure of CB100, Y156 and IX32 too.
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a) Y161: NiHard-4 
b) Y165:  NiHard-4  
 
Figure 27: Microstructure of Y161 (Cr/C-1.76,Cr-6.33,C-3.60,Ni-4.97) Under 200x 
Magnification. A is Ledeburite Morphology (M3C Eutectic Carbide) 
Figure 28: Microstructure of Y165 (Cr/C-3.38,Cr-11.71,C-3.46,Ni-3.72) Under 200x 
Magnification. A is M7C3 Carbides (White Region), B is M7C3 Eutectic Mixtures,              
C is Austenite/Martensite Matrix 
A 
C 
A 
B 
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c) Y157: High-Cr-Mo WCI 
d) IX32:  High-Cr-Mo WCI 
 
Figure 29: Microstructure of Y157 (Cr/C-5.38,Cr-17.70,C-3.29,Ni-0.12) Under 200x 
Magnification. A is M7C3 Carbides (White Region), B is Austenite/Martensite Matrix 
Figure 30: Microstructure of IX32 (Cr/C-8.40,Cr-23.60,C-2.81,Ni-1.12) Under 200x 
Magnification. A is M7C3 Carbides, B is Austenitic Matrix 
B 
A 
B 
A 
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5.0 Discussion 
5.1 Selection of Standard Load 
The focus of the project is to quantify the influence of eutectic carbide hardness on the relative 
wear performance of different types of white cast irons. The difference in microstructural 
constituents that is present in the white cast iron alloys may cause changes in hardness, hence 
resulting in variation of the wear resistance. For this reason, it is necessary to develop 
microhardness measurement techniques that are capable of directly measuring or at least 
detecting difference in the hardness of microstructural features.  
Prior to performing microhardness measurement, there must be a selection of standard load to 
produce appropriate indentation in relation to the size of these features. It is imperative to use 
this standard load because it represents accurate placement of hardness indent on these 
microstructural features, in which the indentation damage  must take place within the features 
itself and not be affected or least affected by the surrounding region. Before commencing 
systematic test on other specimens, the microhardness measurements of Y162 (on-eutectic 
NiHard-4) and CB100 (hyper-eutectic high-Cr-Mo WCI) specimens were performed at 
different applied loads ranging from 10gm to 1kg to select the best load that permits a good 
measurement and regular indentation on their microstructural features.  
Figure 23 facilitates the comparison between the size of the microstructural features and the 
size of the hardness indent at different indentation load in CB100. Since the size of each 
microstructural features; discrete carbides, eutectic aggregates and dendrites is independent of 
load, they were plotted as constant horizontal lines as shown in the chart. At high loads, the 
indent size curve will cross over the horizontal line as the indent is bigger than the features.  
From this chart, it can be observed that the hardness of discrete carbide decreased as the 
indentation load increased and vice versa for the hardness trend of another features. In the case 
of discrete carbide, it was clear that lower measured hardness values were obtained at a larger 
load. It is because apparent hardness is easily influenced by the low matrix hardness at high 
load due to larger indentation area. There is also a possibility that higher loads penetrate into 
regions of matrix which are present below the plane section and decrease the measured hardness 
value of discrete carbides.
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The use of slightly lower indentation load is clearly necessary to identify the actual hardness of 
microstructural features. Although there was an increase in standard deviations of measured 
hardness value from 2% to 3% of the mean from using minimum load, the random error was 
much lesser than the systematic error that  was resulted from the use of higher loads. Apart from 
that, the use of slightly lower load for eutectic aggregates will enable microhardness 
measurements of finer microstructures to be obtained from different types of white cast irons. 
The selection of this load was supported by a very low values of standard deviation, 1%-2% of 
the mean from using lower loads in the case of eutectic aggregates. As part of the microhardness 
measurement technique development, the degree of indentation damages on these features were 
further assessed by using a proper metallurgical microscope instead of the low-power 
microscope built in the hardness machine itself. 
The selection of standard loads was made based on these two sample alloys as to assess the 
difference in hardness between iron-rich M3C compared to chromium-rich M7C3 carbides in 
NiHard-4 and hardness of M7C3 in high-Cr-Mo white cast irons. However, it was impossible to 
get the hardness readings of only M3C carbides without the rods of austenite by using the 
conventional indentation test machine. As for this reason, the hardness comparison of M3C 
eutectic mixtures in NiHard-4 were attempted rather than M3C carbides that were not large 
enough to accept a 0.05 kgf indent without spreading into the matrix regions. The hardness of 
the eutectic mixtures is less valuable because it is affected by other factors such as the volume 
fraction of carbides and the matrix within the aggregate. 
There is a merit in plotting this comparison chart because at a given load, the microhardness of 
certain features seems to overlap. This intersection point acts as one of the key determinants in 
selecting the standard load. Figure 24 shows that the measured hardness curve of discrete 
carbides, M3C and M7C3 eutectic mixtures start to intersect at 0.20 kgf load and at further load, 
the hardness trend becomes inconsistent.  The chart also illustrates that M3C and M7C3 indent 
size curves have crossed over the horizontal line at 0.30 kgf load.  
Based on these two alloys, the best standard loads were found to be 0.05 kgf for discrete 
carbides and dendrites whereas 0.20 kgf for eutectic aggregates. The development of this 
microhardness measurement technique was said to be partially successful because it is not 
capable of measuring the hardness of very fine microstructures such as M3C carbides and rod-
like M7C3 carbides despite being able to produce good statiscal scatter with very low standard 
deviations.  
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5.2 Hardness of Phase Constituents 
The microhardness of different microstructural constituents presents in the alloys was measured 
by using Duramin-200-Vickers Hardness Tester at 0.05 kgf and 0.20 kgf depending on the types 
of features. The indentation hardness test was carried out to determine the correlation between 
the hardness of each phase constituents and the relative wear performance. Apart from 
displaying the crossing of indent size curve over the horizontal line, Figure 24 also facilitates 
the comparison between the measured hardness of iron-rich M3C and chromium-rich M7C3 
eutectic mixtures found in Y162, a Ni-Hard 4 on-eutectic alloy. From this chart, it is found that 
M3C (ledeburite) eutectic is much harder than the M7C3 eutectic mixture with a measured 
hardness of 810-840 HV and 680-780 HV respectively. The high hardness of M3C eutectic 
mixture is attributed by the presence of ledeburite morphology, a continuous network of 
carbides with just one-dimensional austenite rod in the matrix, which allows the hardness 
reading to be dominated by the M3C eutectic carbide.  
Meanwhile, the low hardness of M7C3 eutectic mixture is associated with the stoichiometry of 
metal and carbon atoms in M3C and M7C3, where M is  referred to as the carbide forming 
elements such as iron, chromium and etc. M3C has 3.0 times more metal atoms than carbon 
atoms, whereas M7C3 has only 2.3 times greater. Since M7C3 has additional metal atoms 
available to form the matrix, larger volume fraction of ferrous matrix phase was present in the 
M7C3 eutectic as compared to in M3C eutectic. Overall, it is sufficed to say that the high 
hardness of M3C eutectic is dominated by the carbide meanwhile for M7C3 eutectic, its low 
hardness is influenced by the large proportion of soft austenite or martensite matrix. Such 
outcome is consistent with the range of M3C carbide hardness of 800-1000HV proposed by 
Laird et al. (2000) and the matrix hardness of 445 HV obtained from Table 3 [35]. 
The microhardness measurements performed on the larger regions of eutectic matrix provided 
additional perspective to the abrasion resistance. In a composite material, the bulk hardness can 
be calculated by using a rule of mixtures HBulk =  HPn  VPn  where Pn is phase 1, phase 2 
etc. Despite having identical distribution of M7C3 eutectic carbides and ledeburite as part of 
their matrix constituent, Y162 performed better in abrasive wear performance because it has 
relatively higher bulk hardness of 697 HV than 678 HV in Y161. Y162 has 1.08 times more 
carbide volume fraction and 0.9 times less Cr/C ratio than that of  Y161. The high bulk hardness 
is contributed by the combination of high carbon content in martensite and low retained 
austenite which result in high hardness of matrix. It is the presence of this hard matrix that 
renders mechanical support to carbides from spalling or cracking at the onset of abrasion. 
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This result agreed with Moore (1974)  who stated that there is a linear relationship between 
bulk hardness and wear resistance if the material has similar microstructure but different 
composition [40]. In the case of NiHard-4, the bulk hardness and abrasive wear are dependent 
on the carbon content due to the transformed austenite or martensite that are present in the 
matrix. However, in high-Cr-Mo WCIs, bulk hardness might appear  to not correlate or has no 
direct measure with wear resistance. Therefore, it is recommended to select the hardness of 
eutectic carbide or material microstructure as the test parameters because it has greater 
influence on abrasion resistance compared to bulk hardness [40]. The approach to predict wear 
rate from the bulk hardness is applicable to some composite system only although there is 
reinforcement benefit due to the increase in a volume fraction of constituents in the rule of 
mixtures formula [56]. 
5.3 Chromium to Carbon (Cr/C) Ratio 
Chromium is a carbide-forming element that produces different types of carbides depending on 
the chromium content in high alloy white cast iron. These carbides are either M3C carbides, 
primary or eutectic M7C3 carbides, where M indicates the metal elements, usually iron or 
chromium, depending on the alloy composition. Pearce (2002) and Dogan et al. (1987) 
established that M3C carbides or a combination of both M7C3 and M3C carbides appear at the 
chromium content below than 12%. At the chromium content greater than 12%, M7C3 eutectic 
carbides are formed [45][12]. From the past literature, it was found that the alloying additions 
with appropriate amounts of carbide-forming elements, such as chromium, showed 
improvement in wear performance through in situ formation of chromium-rich M7C3 carbide 
which has made white cast irons extremely hard and abrasion resistant.  
To determine whether hardness of M7C3 progressively increases with increasing chromium 
concentration in the alloy, Cr/C ratio was selected as the test parameter. The hardness 
measurements were performed on alloys which contain both M3C as well as M7C3 or just M7C3 
only with a broad range of Cr/C ratios.  Based on the previous sample alloys, it was found that 
the carbides in CB100 with a medium Cr/C ratio of 5.9 were much harder (1300 HV) than in 
Y162 with a very low Cr/C ratio of 2.4 (<1000 HV). According to Maratray et al. (1970), the 
chromium content within M7C3 carbides increases with the increase in Cr/C ratio and 
approaches a limiting value [37]. It is because more irons in M7C3 carbides are substituted with 
chromium as Cr/C ratio increases. Although two sample alloys are not sufficient to determine 
the effect of Cr/C ratio on the carbide hardness, they serve as a primary indicator of the 
increment of M7C3 carbide hardness as the chromium content within M7C3 carbides increases.  
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The effect of varying Cr/C ratio on the hardness of M7C3 carbides and other microstructural 
features were illustrated in Figure 25. The experimental result of this study showed that the 
hardness of M7C3 carbide decreases and demonstrated some inconsistencies with increasing 
Cr/C ratio. For NiHard-4 alloys, there were a reversal in the trend of measured discrete carbide 
hardness against Cr/C ratio. Y162 exhibited the highest M7C3 carbide hardness of 998 HV at 
the lowest Cr/C ratio like 1.57. Meanwhile, for high Cr-Mo WCIs, it was found that CB100 
possessed the highest M7C3 carbides hardness of 1355 HV instead of having a medium Cr/C 
ratio like 5.93.  
It was evident that the M7C3 carbide hardness trend for both classes of alloys were contradicting 
with Kagawa et al.(1992) who reported that the hardness of M7C3 carbides should increase in a 
linear fashion with increasing chromium content [32]. Consequently, IX32 should be the one 
that possesses the greatest M7C3 carbides hardness because it has the highest Cr/C ratio of 8.40, 
which means more chromium content to replace iron in M7C3 carbides.  
There is no clear reason for the contradiction in carbide hardness trend but admittedly, the 
hardness measurements were carried out on a series of alloys with a broad range of Cr/C ratio 
and different CVF. The contradiction in carbide hardness trend might be caused by the Cr/C 
ratio that has been distorted by the differences in CVF and the limitation of Vickers hardness 
tester. According to Kagawa et al. (1992), the hardness of these M7C3 carbides should range 
within 1695—2145 HV and ~1000 HV for M3C carbides depending on the chromium content 
[32]. These hardness values demonstrate the limitation in using the conventional microhardness 
test machine to produce reliable hardness measurements on discrete carbides, especially very 
fine rod-like M7C3 carbides that emerge as Cr/C ratio increases.  
From this chart, it also can be seen that the high-Cr-Mo WCI has superior hardness compared 
to NiHard-4 because it contains abundant of M7C3 carbides which are harder than M7C3 
carbides found in NiHard-4. The high hardness of M7C3 carbides was attributed by the high 
chromium content found in high-Cr-Mo WCI (19.97 wt.% chromium) compared to NiHard-4 
(8.01 wt.% chromium). This is consistent with the results of Maratray et al. (1970) who 
proposed that the primary M7C3 carbides have slightly lower chromium content than the 
eutectic M7C3 carbides if the Cr/C ratio is less than 5.5 where both NiHard-4 and high-Cr-Mo 
WCI have an average Cr/C ratio of 2.2 and 6.38 respectively [37]. 
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Figure 25 illustrates that the hardness of dendrites or larger regions of eutectic matrix declines 
with increasing Cr/C ratio. The result is consistent to literature whereby increasing chromium 
concentration decreases the bulk hardness. The bulk hardness is dependent on the carbon 
content in martensite and the amount of retained austenite in the matrix. According to Powell 
and Laird (1992), increasing Cr/C has resulted in reduced carbon content of the martensite, 
hence lowering the matrix hardness [46]. Addition of chromium has been detrimental to the 
wear resistance because it leads to the overstabilisation of austenite phase. This 
overstabilisation allows large portion of soft austenite to remain in the microstructure, hence 
decreasing the hardness of material. The presence of chromium during iron solidification 
favours the formation of carbides but has lesser impact on hardenability since chromium is not 
effective in promoting the eutectoid transformation to pearlites.  
These two effects, increasing carbide hardness but decreasing matrix hardness could have 
opposing effects. However, the reversal trend of measured bulk hardness against Cr/C ratio 
indicates that high chromium content in austenite causes the matrix hardness change to 
outweigh the carbide hardness change. The change in matrix hardness is most prevalent in high-
Cr-Mo WCIs, especially Y157 (Cr/C-5.38) and CB100 (Cr/C-5.93) as shown in the difference 
in small margin between bulk hardness and dendrites curves. Conversely, if there is a large 
margin between these curves, the change in carbide hardness dominates.  
The carbon content differs inversely with the chromium content although both of them are the 
main alloying elements that affect the morphology and carbide volume fraction of white cast 
iron. Based on the past literature, it is not surprising to discover that bulk hardness appears not 
to correlate or has a weak effect on the abrasion resistance of white cast irons. An increase in 
Cr/C ratio has led to the contradicting outcome whereby high chromium content increases the 
hardness of M7C3 carbides at the expense of carbide volume fraction. In this case, it is not clear 
whether the hardness of M7C3 carbides or CVF will have significant influence on the wear 
performance since both are contributing to the increase in abrasion resistance of alloy in a 
different way. 
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5.4 Carbide Volume Fraction (CVF) 
The actual aim of this project is to determine the effect of varying Cr/C ratio on the hardness of 
chromium-rich M7C3 carbides and correlate them with the wear performance of NiHard-4 and 
high-Cr-Mo cast irons. Supposedly, the hardness measurements should be carried out on a 
series of alloys with a different Cr/C ratio and constant CVF, but this was not the case. The 
variation in CVF forms a confounding factor in analysing the effect of Cr/C ratio. Therefore, it 
is worthwhile to determine the influence of carbide volume fraction on the abrasive wear 
performance from the gathered hardness measurements  
The carbide volume fraction for each NiHard-4 and high-Cr-Mo cast irons listed in Table 3 
were estimated by using Maratray’s Equation. The effects of varying carbide volume fraction 
on the hardness of M7C3 carbides and other microstructural features were illustrated in Figure 
26. From this chart, it was deduced that the hardness of M7C3 carbides increases with the 
increase in carbide volume fraction. For high-Cr-Mo WCIs, CB100 exhibited the greatest M7C3 
carbides hardness (1355 HV) at the highest CVF of 42.65. Meanwhile, for NiHard-4, it was 
found that Y162 had the second-highest M7C3 carbides hardness (998 HV) at 35.20% CVF. 
More commonly, carbide volume fraction has a direct relationship to the abrasive wear 
performance of white cast iron. Nonetheless, the actual performance is very much dependent 
on the dominant wear mechanisms that occur. 
DS-RWAT, ICAT and BMAT tests were conducted by Marnane and Chen (2018) on a series 
of NiHard-4 and high-Cr-Mo WCIs to determine the influence of CVF in resisting abrasion 
wear against basalt and quartz [39][9].The abrasive wear performance is dependent on the 
abrasive minerals and test conditions, such that the specimen tested with harder abrasive in high 
stress abrasion condition often results in the greatest abrasive wear loss, hence lower 
performance benefit ratio [23]. From Table 4, it can be seen that high-Cr-Mo WCIs with 1.01 
times higher CVF average have superior wear performance compared to NiHard-4. Substantial 
improvement in wear life can be seen in ICAT with basalt where the magnitude of performance 
benefit obtainable was the highest (2.1) compared to other abrasive environments, BMAT with 
basalt (1.4).
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The improvement in abrasive wear performance from ICAT with basalt indicates that this 
abrasive particle was not hard enough to cause microcutting or microfracture wear mechanism 
on M7C3 carbides. In ICAT with basalt, CB100, a hyper-eutectic high-Cr-Mo WCI performed 
2.3 times better than Y162, an on-eutectic NiHard-4 because it has large hexagonal chromium-
rich M7C3 carbides and hard martensitic structures that were able to resist abrasion from soft 
abrasive particles. Similar result was also obtained in BMAT with basalt whereby CB100 
performed 1.1 times better  than Y162 in high stress abrasion condition, hence making high-
Cr-Mo WCIs consistently superior than NiHard-4.  
Apart from that, the application of quartz abrasive particles has resulted in the reduction in 
magnitude of performance benefit obtainable for both classes of alloys by 0.5 times and 0.2 
times compared to basalt in ICAT and BMAT respectively. Under certain abrasive wear 
conditions, an increase in CVF has been found to be detrimental to the wear resistance, 
especially in hyper-eutectic alloys. The reversal in the trend of wear resistance against CVF 
was associated with the spalling of primary M7C3 carbides due to hard abrasive minerals. The 
deterioration of abrasive wear resistance was attributed by the excessive wear on matrix which 
makes primary carbides become unsupported and susceptible to micro-fracture wear 
mechanism. Therefore, matrix structures must be altered in such a way that the matrix mean 
free path allows only carbides to be worn by the abrasive particles.  
Zum Gahr and Eldis(1980), in their seminal contributions, emphasized that the presence of hard 
carbides in austenitic structure has led to substantial abrasive wear loss for both abrasive 
particles as compared to the martensitic structure [58]. However, this reaction is significant for 
alloys with high Cr/C ratio only because they contain large proportion of austenite dendrites in 
their microstructure. It is known that the wear rate of different microstructural constituents is 
also affected by the hardness of abrasive particles. The wear rates of iron-rich M3C carbides, 
martensite and austenite increase as the hardness of abrasive particles increases, but this is not 
necessarily true for M7C3 carbide that has about the same hardness of quartz (900-1280HV). As 
for this case, the magnitude of performance benefit obtainable from white cast irons containing  
M7C3 carbide is dependent on the abrasive wear environment. 
Page | 50  
 
To relate CVF with Cr/C ratio, it was clear that the abrasive wear resistance increases with a 
decrease in the Cr/C ratio. Y162, with the lowest Cr/C ratio presents large volume fraction of 
M7C3 carbides, hence providing better wear resistance. This is consistent with the outcomes of 
Zumelzu et al.(2002) and Cetinkaya (2006) who reported that the abrasive wear loss decreases 
with a decrease in Cr/C ratio [59][8]. It is concluded that high-Cr-Mo WCIs were consistently 
superior than NiHard-4 in all abrasive environments despite that the magnitude of performance 
benefit obtainable was much lower upon the application of quartz in testing condition. It has 
been found that CB100 (Cr/C-5.95,CVF-42.65), a hyper-eutectic alloy with no ledeburite 
morphology is the hardest and the best wear resistant of white cast irons. This finding is in a 
good parallelism with Ribeiro et al. (2011) whom stated that alloy with a medium Cr/C ratio of 
6.8 exhibits the best wear resistance among tested alloys in their study [49]. 
5.5 Microstructural Morphology 
Increasing Cr/C ratio has brought about distinct changes to the microstructural morphology of 
NiHard-4 and high-Cr-Mo WCIs. The changes in the distribution of microstructural 
constituents, especially eutectic carbides, give a strong impact on the relative wear 
performance. Both Figure 27 and Figure 28 show the microstructure of Ni-Cr white cast irons; 
a) Y161 and b) Y165. Both Y161(6.33 wt.% chromium) and Y162 (6.00 wt.% chromium) have 
eutectic colonies that consist of rod-like eutectic carbides in a matrix of primary austenite. At 
low chromium content, they contain identical distribution of M7C3 eutectic carbides and a 
continuous network of iron-rich M3C carbides with one-dimensional rod of austenite in 
ledeburite morphology. However, in higher Cr high-Si versions of Nihard-4, the precipitation 
of M3C eutectic carbide is suppressed and only M7C3 eutectic carbides were visible in Y165 
(11.71 wt.% chromium).  
The observation is consistent with Pearce (2002) and  Laird et al. (2000) who revealed that M3C 
carbides or a combination of both M7C3 and M3C carbides will appear if the chromium content 
is less than 12% [45][35]. Since Cr-Mo white cast irons have higher chromium contents, this 
reaction often occurs in Ni-Cr white cast irons instead. Conversely, if the chromium content is 
greater than 12%, the type of eutectic carbide form changes from M3C to M7C3. In line with 
this, chromium has been found to be responsible for a substantial change in carbide morphology 
where an increase in chromium content has promoted the eutectic carbides transformation from 
M3C to M7C3.  
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Both Figure 29 and Figure 30 depict the microstructure of Cr-Mo white cast irons; c) Y157 and 
d) IX32. The microstructure of Cr-Mo cast irons consists mainly of rod-like and blade-like 
primary M7C3 chromium carbides and martensite dendrites that are embedded in the eutectic 
aggregate of austenite and M7C3 chromium carbides. At high chromium content, IX32 (23.6 
wt.% chromium) has a large proportion of austenite dendrites over rod-like M7C3 chromium 
carbides within the eutectic itself. In contrast, large blade-like M7C3 carbides embedded in 
austenite were apparent in Y157 (17.7 wt.% chromium) where the chromium content is lower 
than IX32.  
The comparison between both micrographs showed that increasing chromium content has 
caused the volume fraction of austenite dendrites to increase and inhibits the development of 
M7C3 eutectic carbides. Thereby, the microstructure of M7C3 eutectic carbides became finer and 
more eutectic morphologies were changed into matrix. Chromium influences the fineness of 
microstructure despite increasing the hardness of M7C3 eutectic carbides simultaneously. Since 
there were less M7C3 eutectic carbides present, the large portion of soft austenite became 
dominant and this has translated into lower matrix hardness. 
As reported by Brown et al.(2010), the wear resistance of white cast iron is determined from 
the carbide morphology present within the microstructure whereby, the type,size and 
distributions of carbides depends on the chemical composition and alloy cooling rate [7]. The 
ledeburite morphology that was found in low-Cr, low Si versions of NiHard-4 is susceptible to 
micro-fracture wear mechanism because the continuous network of iron-rich M3C carbide 
reduces the fracture toughness of material [18]. It makes crack easy to propagate through 
carbide structure, hence resulting in poor abrasion resistance. 
Conversely, the presence of discontinuous network of M7C3 eutectic carbide in the 
microstructure of high-Cr-Mo WCIs and high-Cr, high Si versions of NiHard-4 increases the 
ability of material to resist fracture, thereby improving the wear resistance and toughness of 
these alloys. The outcome is  consistent with Hamzah (2018) who carried out a ball mill edge 
chipping test (BMECT) on both classes of alloys and explored that high-Cr-Mo WCI has a 
fracture resistance of 1.5 times better than NiHard-4 [27]. It can be deducted that alloy 
containing very hard M7C3 carbide (1200-1800 HV) has superior abrasion resistance compared 
to alloy with the microstructure of M3C carbide (1060-1240 HV) [16][11].
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Apart from eutectic carbides, the nature of supporting matrix also plays a pivotal role in the 
wear performance of white cast iron because it determines the rate at which carbides become 
liable to fracture. An increase in carbon content is beneficial to the wear performance because 
it promotes the formation of high carbon martensite, which is harder and abrasion resistant 
compared to austenite. However, increasing Cr/C ratio has suppressed this reaction and 
favoured the formation of austenitic structure instead. It can be seen in Appendix D: 
Microstructure of High-Cr-Mo WCI which show that the volume fraction of austenite dendrites 
increases and dominates the microstructure as the chromium content increases.  
The effect of Cr/C ratio on austenitic/martensitic structure, in terms of increasing the hardness 
of matrix is most prevalent in Y157 (Cr/C-5.38), CB100 (Cr/C-5.93) and Y156 (Cr/C ratio-
5.95) as shown in the difference in small margin between bulk hardness and dendrites curves. 
Meanwhile, the effect of Cr/C ratio on M7C3 carbides, in terms of increasing the hardness of 
carbide is significant at higher chromium content IX30 (Cr/C-6.60) and IX32 (Cr/C-8.40) as 
shown in the difference in small margin between bulk hardness and discrete carbide curve. The 
particular result is in correspondence with the past literature which mentioned that the abrasion 
resistance becomes independent of austenite content if it exceeds 20-30% of austenite level 
recommended in the microstructure to obtain optimal abrasion resistance [15].  
According to Nelson (2010), the presence of discontinuous carbides in a 90-98% martensitic 
structure together with a uniform distribution of carbides and finest matrix spacing give the best 
wear resistance [42]. Such description matches the microstructural morphology of IX32, thus 
IX32 is expected to exhibit the best wear resistance provided that it undergoes heat treatment 
process to obtain full transformation of martensite. The wear behaviour is dependent on the 
matrix constituents because heat treatment would not change the amount of primary or eutectic 
carbides. Heat-treated white cast iron presents a higher hardness and lower values of volumetric 
loss due to the formation of martensite and precipitation of secondary carbides that enhance the 
mechanical support of eutectic carbides. 
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6.0 Conclusion 
The development of microhardness measurement technique was partially successful supported 
by good statiscal scatter with very low standard deviations. The scope of conventional 
indentation test machine has limited hardness measurements on very small microstructural 
features such as M3C carbides (without the rods of austenite) and fine rod-like M7C3 carbides 
that were emerged in high-Cr-Mo WCI as Cr/C ratio increases. As such, the hardness 
comparison of M3C eutectic mixtures in NiHard-4 was attempted rather than M3C carbides. To 
our surprise, M3C eutectic mixtures are much harder than the M7C3 eutectic mixture for the fact 
that its hardness is dominated by M3C carbides compared to large portion of soft austenite. 
Based on the technique adopted, the best standard loads to produce appropriate indentation size 
on microstructural features were found to be 0.05 kgf for discrete carbides and dendrites; 0.20 
kgf for eutectic aggregates. 
According to Kagawa et al. (1992), M7C3 carbides hardness should increase in a linear fashion 
with increasing chromium content. This contradicts to our findings whereby carbide hardness 
trend was distorted due to variation in CVF of each alloy [32].Nevertheless, high-Cr-Mo WCIs 
has superior hardness than NiHard-4 because it contains M7C3 carbides which are harder than 
M7C3 carbides found in NiHard-4. Chromium has been found to be accounted for substantial 
change in carbide morphology whereby an increase in chromium content promotes the eutectic 
carbides transformation from M3C to M7C3. As for high-Cr-Mo WCI, increasing Cr/C ratio 
causes the volume fraction of austenite dendrites to increase, thereby inhibiting the 
development of M7C3 eutectic carbides. High-Cr-Mo WCI has greater abrasion resistance 
because low-Cr, low Si versions of NiHard-4 contains continuous network of iron-rich M3C 
carbide which reduces the fracture toughness of material, hence resulting in poor abrasion 
resistance.  
More commonly, carbide volume fraction has a direct relationship to the abrasive wear 
performance of white cast iron. Nonetheless, the actual performance is very much dependent 
on the dominant wear mechanisms that occur. Under certain abrasive wear conditions, increase 
in CVF has been found to be detrimental to the wear resistance. This is due to strong abrasive 
particles which causes brittle carbides to suffer from micro-fracture wear mechanism. High-Cr-
Mo WCIs were consistently superior than NiHard-4 under all abrasive environments tested 
despite that the magnitude of performance benefit obtainable was much lower upon application 
of quartz than basalt. It is concluded that CB100 (medium low Cr/C ratio-5.95, ultra-high CVF-
42.65), a hyper-eutectic alloy without ledeburite morphology is the hardest, having the best 
wear resistance of white cast irons. 
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7.0 Recommendations  
For future work, it is recommended:  
• To use nano-indentation instrument to measure the hardness of eutectic carbides 
within white cast iron. Conventional microhardness test machine is not capable to 
measure M3C carbides because it is not large enough to accept hardness indent 
without spreading into the matrix regions. 
• To use scanning electron microscope (SEM) to determine chemical composition, 
distribution of carbides and assess the severity of wear on carbide network. 
• To compare the relative wear performance of as-cast and heat treated white cast 
irons at different chromium to carbon ratio and carbide volume fraction. Heat treated 
white cast irons were reported to have superior abrasion resistance due to austenite 
transformation to hard martensite and precipitation of secondary carbides. 
• To perform microhardness measurements of eutectic carbides in a series of alloys 
with different Cr/C ratio but constant CVF. Cr/C ratio is easily distorted by CVF 
because it is one of the most important parameters that affects the abrasion 
resistance. 
• To perform BMAT measurements to correlate the hardness values from different 
Cr/C ratio and CVF with magnitude of performance benefit obtainable for 
commercial NiHard-4 and high-Cr-Mo WCI in different testing conditions.
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9.0 Appendices 
9.1 Appendix A: Microstructural Characteristics 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Ledeburite (Iron-rich M3C Carbides) Under 
1000x Magnification 
Figure 34: Rod-Like M7C3 Eutectic Mixtures Under 1000x 
Magnification 
Figure 31: Blade-Like Chromium-rich M7C3 Carbides 
Under 1000X Magnification 
Figure 33: Austenite/ Martensite Matrix (Dark Region) 
Under 1000x Magnification 
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9.2 Appendix B : Selection of Standard Load 
9.2.1 Diagonal Length of the Indent 
Alloy Features Load Average 
Length  
Max 
Width 
%StdDev Vickers 
kgf mm mm mm HV 
CB100 Discrete 
Carbides 
0.05 8.3 8.4 2% 1355 
0.10 11.9 12.3 3% 1309 
0.20 17.8 18.3 2% 1169 
0.30 23.4 23.9 2% 1018 
0.50 31.8 32.9 3% 916 
M7C3 Eutectic 
Mixture 
0.05 11.8 12.0 2% 670 
0.10 15.6 16.1 2% 758 
0.20 21.6 22.1 2% 794 
0.30 26.0 26.8 2% 821 
0.50 33.3 33.9 1% 834 
Dendrites 0.05 13.1 13.4 3% 543 
0.10 17.4 17.9 2% 609 
Table 5: Diagonal Length of Indent (CB100) 
 
 
 
Alloy Features Load Average 
Length 
Max 
Width 
%StdDev Vickers 
kgf mm mm mm HV 
Y162 Discrete 
Carbides 
0.05 9.6 10.0 2% 998 
0.10 14.4 14.8 2% 891 
0.20 21.5 22.0 2% 804 
0.30 26.9 27.5 2% 770 
0.50 35.5 36.2 2% 736 
M7C3 Eutectic 
Mixture 
0.05 11.6 11.8 1% 683 
0.10 16.1 16.4 1% 715 
0.20 21.7 22.0 1% 786 
0.30 26.4 26.8 1% 795 
0.50 35.2 35.6 1% 748 
M3C Eutectic 
Mixture 
0.05 10.5 10.7 2% 837 
0.10 15.1 15.3 1% 817 
0.20 21.4 21.8 1% 810 
0.30 26.7 27.0 1% 781 
0.50 35.1 36.2 1% 754 
Dendrites 0.05 14.4 15.1 3% 444 
0.10 19.8 20.6 2% 471 
Table 6: Diagonal Length of Indent (Y162) 
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9.2.2 Indent on the Microstructure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: 0.05 kgf Indent Load on M7C3 Carbides Under 
500x Magnification 
Figure 38: 0.20 kgf Indent Load on Ledeburite (M3C 
Eutectic Mixtures) Under 500x Magnification 
Figure 36: 0.20 kgf Indent Load on M7C3 Eutectic 
Mixtures Under 500x Magnification 
Figure 37: 0.05 kgf Indent Load on Austenite/Martensite 
Matrix Under 500x Magnification 
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9.3 Appendix C: Microstructure of NiHard-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40: Y161 (Cr/C-1.76,Cr-6.33,C-3.60,Ni-4.97) 
Under 500x Magnification 
Figure 39: Y162 (Cr/C-1.57,Cr-6,C-3.8,Ni-5.68) 
Under 500x Magnification 
Figure 41: Y165 (Cr/C-3.38,Cr-11.71,C-3.46,Ni-3.72) 
Under 500x Magnification 
Figure 42: Y166 (Cr/C-3.60,Cr-10.32,C-2.86,Ni-3.71) 
Under 500x Magnification 
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9.4 Appendix D: Microstructure of High-Cr-Mo WCI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44: Y157 (Cr/C-5.38,Cr-17.70,C-3.29,Ni-0.12) 
Under 500x Magnification 
Figure 43: CB100 (Cr/C-5.93,Cr-22.01,C-3.71,Ni-0.94) 
Under 500x Magnification 
Figure 46: Y156 (Cr/C-5.95,Cr-17.60,C-2.96,Ni-0.17) 
Under 500x Magnification 
Figure 45: IX30 (Cr/C-6.60,Cr-,C-,Ni-) Under 500x 
Magnification 
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Figure 47: IX32 (Cr/C-8.4,Cr-,C-,Ni-) Under 500x 
Magnification 
